Statistical analysis and theoretical calculation have been carried out to study the parameters affecting dome temperature of COREX melter gasifier by using actual plant data. The relationship between parameters and dome temperature has been realized qualitatively and quantitatively. It is found that the dome temperature is influenced significantly by metallization, fuel rate, coal rate, coke rate, and oxygen volume. High volatile matter and low moisture coal are beneficial to maintaining dome temperature. Regression analysis was carried out and equations have been developed to predict and regulate dome temperature.
Introduction
COREX is the world's first commercially established and industrially proven smelting-reduction process. It consists of two separate reactors: the pre-reduction shaft furnace and the melter gasifier. The dome of melter gasifier is a vital part of COREX process in which multiphase reactions taken place continuously. The hot DRI along with partially calcined fluxes from the pre-reduction shaft furnace is charged into the melter gasifier through downpipes. In addition, noncoking coal and a small amount of coke are continuously fed by lock hopper system. The dome temperature should be maintained at about 1 050°C to meet the thermal demand of endothermic reaction and to ensure the cracking of coal. 1) The fluctuation of dome temperature is undesirable for stable operation. If the dome temperature is too low, the quality of reduction gas goes down due to the incomplete cracking of volatiles from coal and the gas pipes are clogged due to the formation of tar.
2) However, if the dome temperature is too high, reduction gas takes more heat away which leads to a high energy loss of the dome and damage of refractory materials. Hence, the dome temperature of melter gasifier should be within a certain range to keep the operation stable. P. P. Kumar et al. 3, 4) studied the influence of coal size and raw materials on furnace performance in the COREX process. W. R. Xu et al. 5) analyzed the factors affecting fuel rate. But their research results did not consider the factors affecting dome temperature in detail. Lee et al. 2) developed a computational code for the COREX melter gasifier. However, their study focused only on the effects of C/O ratio, bed height and steam injection ratio on dome temperature. More detailed studies seem to be necessary in order to understand the factors influencing dome temperature and to provide directions for its prediction and control.
In the present paper, various factors on the dome temperature were researched based on 2010-2011 actual plant data of a steel enterprise COREX. Correlation analysis and regression analysis by means of statistical analysis software were used to analyze the qualitative and quantitative relationships between operation parameters and dome temperature. Furthermore, dome temperature model was developed on the basis of material and heat balance to calculate dome temperature in order to verify the statistical results.
Statistical Analysis of Operation Parameters Affecting Dome Temperature
Correlation analysis is used to test the significance of the relationship between two variables. Pearson correlation coefficient (Pxy) measures the strength and direction of a linear association between two variables. The value of Pxy ranges from -1 to +1 and is independent of the units of measurement. The case of Pxy=0 indicates little correlation between the variables; the case of Pxy= +1 or -1 indicates a significant correlation. A correlation coefficient of less than 0 indicates a negative correlation. That is, when one variable shows an increase in value, the other variable tends to show a decrease and vice-versa. 6) Burden distribution mode is described by coal distribution index and DRI distribution index, which can be calculated by the following Eq. (1). The meaning of Eq. (1) is that burden tends to the edge area of melter gasifier with the increase of BDI. This is attributed to the weight of edge area (5 m ring) is larger than that of central area (0 m ring). 
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Where BDI represents burden (coal or DRI) distribution index; d1, d2, d3, d4, d5, d6, d7, d8, d9, d10, d11 represent the thickness of burden (coal or DRI) at 0 m, 0. Based on the principle of correlation analysis, this paper analyzed the effects on dome temperature exerted by metallization, melting rate, fuel rate, oxygen volume, coke rate, coal rate, moisture of coal, volatile matter, fuel fines fraction, oxygen velocity, burden distribution mode. Table 1 shows statistical results of Pearson correlation coefficient and the range of operation parameters used for correlation analysis. It can be observed that the dome temperature has positive correlations with metallization, oxygen volume, oxygen velocity, coal distribution index while it has negative correlations with melting rate, fuel rate, coke rate, coal rate, moisture of coal, volatile matter, fuel fines fraction, DRI distribution index. The larger the absolute value of Pxy, the stronger the linear relationship between two variables, so the main parameters affecting dome temperature are metallization, melting rate, fuel rate, coal rate, coke rate, oxygen volume.
Based on the correlation analysis, multiple regression analysis 7, 8) was carried out to study the quantitative relationship between operation parameters and dome temperature. Because of multicollinearity existing in multiple regression, the variance of parameter estimation value become larger and analysis results are inaccurate. Then stepwise regression analysis was proposed for decreasing the degree of multicollinearity. The factors, which are not significant and diagnosed as existing multicollinearity, have been removed to ensure the accuracy of the results. The regression output is presented in Eq. (2).
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Where DT is the dome temperature (K), Met, FR, Coal, Coke and OB are metallization (%), fuel rate (kg/tHM), coal rate (kg/tHM), coke rate (kg/tHM) and oxygen volume (m 3 /h), respectively. The plant data in April 2011 of COREX-3000 are used to verify the regression equation as shown in Fig. 1 . It can be seen that the predicted dome temperature matches well with the actual values and the determination coefficient (R 2 ) is 0.73. And the regression standardized residual follows the normal distribution. The difference between predicted and actual values is within ±2% for dome temperature in the range of 1 323 K to 1 358 K. The developed regression equation provides a good direction to predict dome temperature.
Theoretical Calculation Analysis of Operation Parameters Affecting Dome Temperature
A comprehensive model was developed based on material and heat balance. [9] [10] [11] [12] [13] [14] [15] The data used in the calculation model are from COREX-3000 actual production in October 2010. Material balance was calculated by means of the element balance of Fe, C, H and O. Heat balance was calculated based on chemical reactions, heat input and output. In the pre-reduction shaft furnace, iron oxides are gradually reduced. It is assumed that ferric oxides are completely reduced to ferrous oxides by CO and ferrous oxides are reduced by CO and H 2 respectively. Then iron-bearing materials discharged into melter gasifier include sponge iron and unreduced ferrous oxides. According to practical operation, the calcination degrees of limestone and dolomite are assumed as 0.5 and 1 respectively. The ratio of CO consumed by combustion reaction in the melter gasifier was set as 0.09 while H 2 was set as 0.11. On this condition, the degrees of direct and indirect reduction were calculated to be 0.15 and 0.22 respectively. In addition to combustion reaction and reduction of residual iron oxide, the chemical reactions taken place in the melter gasifier also include the decomposition of carbonates, carbon solution reaction, water gas shift reaction, devolatilization of coal and formation of methane. Table 2 shows the heat input and output based on material balance and chemical reactions. It is found that carbon combustion reaction in the raceway generated a lot of heat and provided almost 60% of the total heat required in the melter gasifier. On the other hand, 36% of the total heat was taken away by reduction gas which is the biggest heat consumption item. Secondly, hot metal and slag also took a lot of heat which accounted for 23.79% of the total heat. The rest of heat consumption was for endothermic reactions and heat loss. In this model, the heat loss was 11.33% and the value was kept constant for further investigation when operation parameters were changed. Thus, the dome temperature can be calculated based on the model at the effect of different operation parameters. The plant data in October 2010 of COREX-3000 are used to verify the calculation model, the comparison of predicted and actual slag rate is shown in Fig. 2 . It can be seen that the predicted slag rate matches well with the actual values. The difference between predicted and actual values is within ±10% for the slag rate in the range of 240 kg/tHM to 351 kg/tHM. Slag basicity is calculated by mass balance equations and CaO/SiO2, which ranges from 1.18 to 1.37. The variation of predicted and actual slag basicity is shown in Fig. 3 . The maximum difference between predicted and actual slag basicity is 0.11 which shows that the present model can predict slag basicity in an exact range.
Export gas volume can be calculated based on generator gas, reducing gas, top gas, cooling gas and dust by present model. The measurement value from operation practice in Qu et al. 9) has developed the generator gas composition module, the gas volume of meter gasifier is 30.37 m 3 /tHM lower than that in present model and the difference is 1.82%. This is due to high fuel rate and carbon content in this model. The comparison of gas composition between two models is shown in volume and coal species on dome temperature are studied. The quantitative relationship between operation parameters and dome temperature provides prediction and control for dome temperature.
Effect of DRI Metallization
The metallization degree greatly affects dome temperature because the FeO content determines the heat consumption in the reduction process. Higher metallization degree of DRI requires less quantity of heat and reductant. The amount of reduction reactions and gas volume decreases with the decrease of ferrous oxides. In the base model, the volume of reduction gas is 1 700.54 m 3 /tHM. When the metallization degree is increased by 5%, the content of CO2 in reduction gas is reduced by 10.20 m 3 /tHM, which is generated by indirect reduction. The amount of FeO consumed by indirect reduction is decreased by 32.80 kg/tHM which results in the quantity of releasing heat occurred on the top of char bed decreasing by 6.20 MJ/tHM. On the other hand, with the metallization degree increasing, the amount of FeO consumed by direct reduction is decreased by 28.37 kg/tHM and the heat consumption occurred on the top of tuyeres and dome of melter gasifier is decreased by 59.89 MJ/tHM. Therefore, the excess heat caused by metallization degree increasing is proportionally distributed to every item of the heat output. The heat taken away by reduction gas is increased from 2 703.92 MJ/tHM to 2 718.72 MJ/tHM. As a result, the dome temperature is increased by 5.16 K. The effect of DRI metallization on dome temperature is shown in Fig. 5 .
According to the Eq. (2), keeping other parameters constant, when DRI metallization is changed, the statistical value of dome temperature could be calculated. Compared to the statistical value, the calculated value was from the theoretical calculation model. It was observed from Fig. 5 that the calculated and statistical values of dome temperature show an increase tendency with the increase of metallization degree. For every 5% increase in metallization degree, the calculated and statistical values of dome temperature are increased by an average of 5.16 K and 3.91 K respectively. The statistical value is smaller than the calculated value due to the multiple variables, but the tendencies are the same. Therefore, keeping the metallization degree at a high level is one of the most important measures to maintain a stable dome temperature, to reduce the thermal load of dome zone and to get a low fuel rate.
Effect of Fuel Rate
When the fuel rate is increased by 100 kg/tHM, the heat consumption of water gas shift reaction and the decomposition of coal are increased by 25.24 MJ/tHM and 56.35 MJ/tHM respectively. Al2O3 and SiO2 amounts in the gangue also increased with the increase of fuel rate. The more fuels lead to a larger amount of slag, as a result, the heat taken away by slag is increased by 20.87 MJ/tHM. The fuel rate significantly affects the volume of reduction gas. With the fuel rate increasing by 100 kg/tHM, the gas volume is increased by 171.43 m 3 /tHM, causing that the heat taken away by reduction gas is increased by 226.94 MJ/tHM. Taking the changes of heat input and output into consideration, dome temperature is decreased by 12.89 K. The calculated and statistical values of dome temperature have a decrease tendency with the increase of fuel rate, as shown in Fig. 6 . For every 100 kg/tHM increase in fuel rate, the calculated and statistical values of dome temperature are decreased by an average of 13.36 K and 14.00 K respectively. The calculated value verifies that the results of calculation analysis are in good agreement with those of statistical analysis and also proves the accuracy of statistical analysis. The difference between calculated and statistical values is within ±5%.
Effect of Coal Rate
Coal is becoming more and more important to maintain char bed permeability which is required to have a good strength and less fines. The combustion reaction between coal and oxygen releases a large amount of heat and generates reduction gas. Coal releases moisture and volatile matter as it is heated under the dome temperature of more than 1 000°C. Hydrocarbons dissociate with C and H2 and become a part of reduction gas. 16, 17) With the increase of coal rate, the moisture and volatile matter amount are higher, which demand more heat and lead to a higher thermal load in dome zone.
The coal rate is 830.07 kg/tHM in the base model. When the coal rate is increased by 30 g/tHM, the heat consumption of coal decomposition is increased by 22.75 MJ/tHM and gas volume is increased by 50.79 m 3 /tHM leading to the heat taken away by reduction gas increased by 75.98 MJ/tHM. In addition, the heat consumed by water evaporation and water gas shift reaction is increased by 2.73 MJ/tHM and 8.53 MJ/tHM respectively. Taking all the changes of heat input and output into consideration, the dome temperature is decreased by 3.12 K.
The calculated and statistical values of dome temperature have a decrease tendency with the increase of coal rate, as shown in Fig. 7 . For every 30 kg/tHM increase in coal rate, the calculated and statistical values of dome temperature are decreased by an average of 3.16 K and 3.84 K respectively.
Effect of Coke Rate
The COREX process still demands a quantity of coke for maintaining stable char bed and for a good permeability with the poor conditions of low metallization, high fuel fines fraction and bad permeable char bed. With the increase of coke rate, the gas volume is increased, which leads to the increase of the heat consumed by water gas shift reaction and taken away by reduction gas, thereby dome temperature decreases. The calculated and statistical values of dome temperature show a decrease tendency with the increase of coke rate as shown in Fig. 8 . For every 10 kg/tHM increase in coke rate, the calculated and statistical values of dome temperature are decreased by an average of 3.82 K and 4.00 K respectively.
The results of fuel rate, coal rate and coke rate affecting dome temperature in this paper showed reasonably good agreement with the results of Lee et al. 2) Their work mainly focused on C/O ratio affecting the transport phenomena in melter gasifier. In this study, the increase of fuel rate, coal rate and coke rate means that larger amounts of carbon fall into dome zone of melter gasifier, which results in high C/O ratio. Because the CO forming reaction emits less enthalpy than the CO2 forming reaction, the dome temperature is decreased.
Effect of Oxygen Volume
There are four dust burners and six oxygen burners located around the circumference of the melter gasifier. The dust is recycled to the melter gasifier through dust burners and combusted with oxygen injected through the burners. Oxygen plays a vital role in the dome of melter gasifier for the generation of heat to meet the thermal demand for heat consumption. Dome temperature is controlled via adding or reducing the oxygen volume. The oxygen volume is 22 485 m 3 /h in the base model, for every 1 000 m 3 /h increase in oxygen volume, the heat generated by combustion is increased by 83.51 MJ/tHM, which improves the thermal condition in dome zone. Due to the increase of gas volume, the heat taken away by reduction gas is increased by 9.39 MJ/tHM. Keeping the heat loss constant, the excess heat causes dome temperature increasing by 3.28 K. The effect of oxygen volume on dome temperature is shown in Fig. 9 . It can be observed that the calculated and statistical values of dome temperature increase with the increase of oxygen volume. For every 1 000 m 3 /h increase in oxygen volume, the calculated and statistical values of dome temperature are increased by an average of 3.32 K and 3.00 K respectively. The difference between calculated value and statistical value is within ±10%. Under the condition of high oxygen volume, the heat released by combustion reaction is increased, thereby the excessive heat is used to increase the dome temperature after meeting the requirement of heat demand in dome zone.
Based on the results of above research, the variation of operation parameters caused by dome temperature increasing 1 K is shown in Table 4 .
In order to maintain stable dome temperature, the "matching adjustment" of different operation parameter is used to control dome temperature based on the rules shown in Table  4 . When dome temperature is low, operators can add the amount of positive correlation factors such as oxygen volume or reduce the amount of negative correlation factors such as coal rate to control the dome temperature at a suit- able range. In this way, operators can accurately predict the trend of dome temperature, which is useful for the stability of dome temperature.
Effect of Coal Species
Coal should have certain physical properties, high temperature properties and chemical composition to meet the requirement of heat and gas balance. In practice, coal blend consists of several coals, the composition of these coals is shown in Table 5 .
In the base model, it is assumed that the coal blend consists of single coal to study the chemical composition of different coal species on dome temperature, as shown in Fig. 10 .
It is found that when Coal B is used, the dome temperature is the highest, 10.76 K higher than that of base model. The reason is that the low moisture and ash content in Coal B lead less heat to be consumed by gasification and by decomposition of water and to be taken away by slag. Additionally, high volatile matter content in Coal B results in the increase of the mole percent of H2 and CO in the dome zone, which could promote the combustion reaction. As a result, the dome temperature is increased which verified the previous work. 18) Because of the high moisture content in Coal A, the dome temperature is 22.63 K lower than that of base model. The chemical composition of Coal C is almost the same as Coal D. High moisture and ash content in Coal C and Coal D result in low dome temperature. Compared to the base model, the dome temperature with using Coal C and Coal D are decreased by 27.39 K and 30.10 K respectively.
High moisture leads to high gas volume and high heat consumption. The volatile matter gets dissociated and generates reduction gas. When selecting coal species, the moisture content should be low and the volatile matter content should be high so as to decrease the thermal load and to keep the dome temperature stable.
Conclusions
When dome temperature is low, the positive correlation factors such as metallization degree, oxygen volume and oxygen velocity should be controlled at a high level while the amount of negative correlation factors such as fuel rate, coal rate and fuel fines fraction should be reduced. The most significant factors influencing dome temperature are metallization, melting rate, fuel rate, coal rate, coke rate and oxygen volume.
Based on the quantitatively rules between operation parameters and dome temperature, the dome temperature should be controlled within a certain range by using the method "matching adjustment" of different operation parameters.
The coal species with low moisture and high volatile matter are expected to be selected and discharged into the melter gasifier. Coal B has positive effect on dome temperature because of the less heat consumption. On the other hand, if the amount of Coal A, Coal C and Coal D is too high, the thermal load in dome zone will increase, which is bad for the stability of dome temperature. 
